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Abstract

Studying NaCl aerosol filtrationolds significant importancéor several reasons. It is
commonly used aa standarchallenge aerosol fdestingair filter media because it resembles
properties of many airborne particléglditionally, filtration of NaCl aerosolplays a crucial role
in various marine applications. In marine environment, which is abundant with NaCl aerosols,
filtration of NaCl aerosoldecomes imperative to protect air breathing equipment aboard high
speed marine vessels like LCACs and sHiaglipment such as gas turbines and Solid Oxide Fuel
Cells rely on clean air for optimal performané&ailure to filter NaCl aerosols can lettheir
deposition on teseequipment, resulting in corrosion and damage, thus reducing their operational
lifespan.

Traditional fibrous filtersemploy solid fiberssuch agylass fibers \Wich has nantra-fiber
porosity. They capture particulatesonto the fiber surface using mechanism/s like inertial
impaction, interception and diffusion.

NacCl is hygroscopic in nature and exists in either solid, hydrated or ktaiiesdepending
on Relative Humidity (RH)Porous hydrophilic fibers can be utilized to wick these hygroscopic
particles iio their wet (i.e. condensed) pores, potehtiahhancindoth the filtration performance
andthe loading capacitwhen used as filter fiber§herefore this study investigates noviiaCl
filtration mechanismavhich are uniquely available to filter med@mposed ofmanoporous
hydrophilicfibers.

The first mechanism involvase dissolution of dry solid NaCl aerosols deposited onto the
surface of Activated Carbon Fibers (ACFs) into the wet intrafiber porosity of ACFs. ACFs, which
are hydrophilic fibers, have intrafiber pores condensed with water, even at low RH conditions due

to a combination ophysisorption, chemisorption and capillary forces. The dry Na@lclesget



dissolved and wickethto the waterfilled pores facilitated by théavorable thermodynamics of
NaCl dissolution in waterThe second mechanism involves direct wicking and capillary
condensation of aqueous NaCl into the intrafiber porosity of AGkesthird mechanism involves
the utilization ofnanofibes in the form of a floc, as opposeddaontinuous layer spanning the
entire flow pathVapor Grown Carbon Fiber (VGCRanofiber floc has a high surfat@volume
ratio, and extensive intffoc porosity. Traditional nanofiber filtemedia uses nanofibers as a
surface layer which spans the entire flpath increasng the flow resistance. If used in filtration
of NaCl aerosols, these media will clog after brief use, and go into a high pressure drdjnstate.
VGCF nanofiber flocs do not span the flow patiys providingnegligible flow resistancelhe
nanofiber flocs capture NaCl aerosols at low RH conditions viafleky increasng filtration
efficiency without anticipatethcrease irpressure drop. The flocs absorb wet NaCl adsasoa
spongelike fashion.

To elucidate theseovel filtration mechanisms,reovelfibrous depth filter mediaomprising
multi-scale, multidomain porositywas designed by embedding VGCF nanofiber flmte a
matrix of ACFs, held together by binder fiber.This media consists of three distinct porosity
domains: 1) Intrafiber porosity of ACF (0.950 ¥gm), 2) Intrafloc porosity of VGCF flocs
(4.108 cni/gm), and 3) Interfiber porosity among all fibers (11.7%/gm). For comparative
analysis, ACF filter media was synthesized without VGCF flocset@minethe impactof their
absenceon NaCl aerosol filtration. Similarly, filter media made of smrous Graphite fibers
were also included to understand the impat¢hefabsence oftrafiber porosity on NaCl aerosol
filtration.

This thesis comprises three different studies to understand the filtration of NaCl aerosols.

The first study involesNaClfiltration using ACF filter media and Graphitétér media. Filtration



performancemetrics including pressure drop, filtration efficiency, Quality Factand NacCl
loading capacity were evaluated to understand the effect of intrafiber porosity on NaCl aerosol
filtration. SEM and EDSanalyseswere performedto verify the movement of NaCl into the
intrafiber pores of ACFsThe second studfpcuses on NaCl aerosfiltration usingACF media

with and without VGCF flocsSamefiltration performance metricarere evaluated to assess the
impact of nanofiber flocs on NaCl aerosol filtration. SEM and ED&ysesvere alsaconducted

to verify the transport of NaCl into the intrafloc porosity of VGCF flddsrd study analyzethe
deliguescence of NaCl aerosols and their interaction with ACFs, VGCF flocs and Gfiagingte

SEM and EDS (including CI mapping) were performed to understand the interaction of aqueous
NaCl with the thre@aforementionedilter fibers.

The Quality Factor of ACF media with VGCF flocs was higher than Graphite media when
filtering both low and high RH NaCl aerosols. This is due to-fitiyw occurring at nanofiber
surfaces of VGCF flocs enabling capture of NaCl aerosols without anticipatesilipe drop. Due
to wicking of NaCl in ACF nanopores combined with NaCl entrapment into highly porous VGCF
flocs, the NaCl loading capacity of ACF media was 1200% (or 12X) higher than that of media
made with norporous Graphite fibers, on loading low RIGI aerosols. This capacity increased
by another 315% (or 3.15X) when filtering high RH NaCl aerosols, due to ease of wicking liquid
aerosol droplets into both ACF pores and VGCF flocs. The transport of NaCl inside the intrafiber
nanopores of ACFs, as wels within the intreloc porosity of VGCFs was confirmed by EDS
analysis.

The inclusion o GCFnanofiber flocs into ACF mediacreased both the filtration efficiency
and Quality Factor by @vo-fold increase, compared to ACF media without VGCF fldtss was

observed at both low and high RH conditiomkis is attributed to waltlip at nanofiber surfaces



of VGCF flocs, enabling efficient capture of NaCl aerosols without anticipated increase in pressure
drop. Without VGCF flocs, the ACF media showed unacceptable performance (FE and QF).
Furthermore, at high RH, ACF media without VGCF flocs never reacheda&through point.

The NaCl loading in ACF media with VGCF flocs increased by 315% on going from low RH
condition to high RH condition. This enhancement at high RH is primarily dwactong of
agueous Nadlirectlyinto the extensive pore volume of VGCF #ae a spongdike mannerand
secondarilydueto wicking of aqueous NacCl directly into tirafibernanopores of ACFEDS
analysis showed higher CI:C ratio in the flocs compared to ACFs, particularly under high RH
conditions, confirming the importance of VGCF flocs in ACF mddiaNaCl aerosol filtration

More importantly, preferential loading of VGCF flocs was observed with chlorine mapping
further emphasizing the importance of VGCF flocs in NaCl aerdswaition.

This study also confirmed the deliquescence of NaCl particles on different filters and
investigated the interaction of the deliquesced NaCl with various filter fibers including ACFs,
VGCF flocs and Graphite fibers. Deliqguescence of NaCl was observed timea#t fibers on
exposing humid (75% RH) air to the samples loaded with NaCl. Although optical microscopy was
not able to capture the phenomenon of wicking of deliquesced NaCl into ACF pores, it was able
to capture the wicking of aqueous NaCl into VGCF ofdoer flocs. The deliquesced NaCl

remained on the surface of the Graphite fiber as droplets.
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1 Chapter 1: Introduction and Objectives

1.1 Introduction to aerosols

Aerosol refers to theuspension of solid or liquid particles in a gas, where these particles have a

minimal settling velocity. These refers to particles smaller than 10[Luifferent aerosol particles

fall under different size ranges, as depicted in Figute
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Figurel.1 Classification of different types of aerosols by tyfs

1.2 History of aerosol filtration

The history of aerosol filtration is over 2000 years old, almost dating back to Roman times.

Al ndustri al

dusto in

mi nes in

Egynpt

wa s

me nt

and Julius Pollux (ca a.d. 150) who proposed loose bladdepseieenting dust inhalation. Leonardo
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da Vinci introduced wet clothes as protection from fumes used in warfare. In 1860 Louis Pasteur
demonstrated the need for medical respirators to prevent airborne organisms from causing putrefaction.
Smoke filters were developed in the 19th century to ptdiesfighters from fire smoke. Gas masks

and respirators were used to prevent inhalation of toxic chemicals during World War I. Fibrous pads
was developed in 1930 in Germany which used adsorption as filtration mechanism. Hansen in 1930
discovered that pedering wood filter pads with resin increased filtration efficiency. During World

War 1l several types of fibrous materials in different forms were used as fibrous filters. Pore filters like
cellulose membrane, metal membrane etc. were also developegdoating fine particles dispersed

in gaseg3], [4].

Filtration mechanisms also have a long history. Brownian motion was studied in the early 1800s.
In 1920s it was discovered that maximum penetration occurred@t0.2 e m parti cl e r a
in 1936, combined theories of small particle filtration Brpwnian motion and larger particles by
inertial impingement. Particle diffusion and direct interception was proposed by Langmuir in 1942 and
1946. Isolated fiber theories were developed by Davies in the 1950s. Yoshika studied the effects of
gravitationaldeposition and clogging in the 1970s. Darcy law was used to initially describe filter
resistance. Pich in 1966 related pressure drop to Knudsen number. Description of airflow field through
fiber filter was made by Kuwabara in 1959. Since then, many diffémeories regarding new concepts
of filtration, resistance, adhesion of particles, testing methods etc. have been developed and are still

being developefB], [4].

1.2.1 Importance of NaCl aerosol filtration

NaCl aerosols are commonly used as challeagy®solsfor evaluating filter media used in
various applicationdt is becausehey have uniform particle size distribution (0.1 to 3 um) and allows
for a consistent and repeatable testing of filter mddiaddition,they are nostoxic and chemically
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inert to use in laboratory settingMoreover, hey are also highly stable arekhibit minimal
coagulation which helps maintatineir characteristic throughout testing procdasm filters used in
semiconductocleanroomshospital theaters, commercial buildings to nuclear facilities altemsted
using NaCl aerosols.

NaCl aerosois the principal component afarine aerosol], [6], [7]. Ships and marine vessels
require clean air onboard for crew members. These vessels also have essential equipment such a:
turbines and solid oxide fuel cells that require clean air. If unfiltered NaCl aerosols along with other

marine aerosoldeposit onto the equipment causing corrosisishown in Figuré.2.

Figurel.2 Corrosion of gas turbine due to sea salt depodipn

1.3 Fundamental aerosolfiltration mechanisms

NaCl aerosopb ar t i cul ates range in diameter from O
below 2 em, and specifically in the ca. 0.1 tc
and challenging task. Figufe3 demonstrates four predominant fundamental filtration mechanisms:

Inertial Impaction, Diffusion, Interception and Sieving.
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The sieving mechanism requires extremely mmtaminanioads to be effective long term.

For particul ates below 2 em, three fundament al
and Diffusion, come into play simultaneously.

Il nerti al i mpaction applies to part pattless | a
with high inertia/momentum which causes it to divert it from the streamline and collide with the fiber.
The particulates flow in a straight path, and once it reaches close to the fiber, they leave the flow path
due to inertia and impacts the filter finghere it is attached and held in place, as shown in Filg8re
[8].

Diffusion mechanism ia primaryme c hani sm f or particul ates | e
particulates are not held by viscous forces in the fluid and can diffuse randomly within the flow stream,
depending on its interaction with nearby particulates and gas molecules. These diffustndates
collide with the fibers and are captdii@]. The diffusion refers to Brownian motion of small particles

to the fibers where they are attracted and hel
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the aerosol particle size Iis comparabl[8.Theo t he
random path during Brownian motion is longer than the streamline path, hence the probability of the
particlesgettingcaptured is very higlParticlegr eat er t han 0.3 em in dian
Brownian motion in air.

Interception mechanism refers to the phenomenon when patrticle flowing in the fluid streamline
gets captured by the filter fiber when it comes within one particle radius of the filter fiber. It is one of
the main mechanisms for mg@ilzed particulates (betwen 0. 1 and 1 e m i nbigdi a me
enough for inertial impaction but are not small enough to diffuse. These particulates will just follow
the flow stream, touch tHioer, and get trappe[8]. This mechanism is applicable only for streamlines
that are close enough to the filter fiber.

There also exists a fifth kind of mechanism called electrostatic deposition, which is based on
the charge of the filter fiber and the particles. A charged fiber can attract a counter charged particle by
inducing electric field. It can also attract countbargedparticlesvia image effect of chargg].
Electrostatic filters have the advantage of increasingfittration efficiency without increasing
pressure drop. However, these filters are less reliable due to decreased filtration efficiency as a result
of loss of charge with time. The loss of charge can be caused due to neutralization and/or dirt coverage
onfibers. Also scaling up of these filters on manufacturing scale is diff@ulGravitational settling

is another mechanism which is only effective f

Electrostatic
Capture
Fluid

Streamline

Filter fiber
cross-section

Gravitational
Settling

o)
Figurel.4 Electrostatic capture and gravitational settling mechanisms
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ForNaClaerosols the three most important filtration mechanisms that take place are diffusion,
interception and inertial impaction. The dominant filtration mechanism depends on the aerosol particle
size. There exists a r an g ewheranoméackani€m iOs#ongeaough. 4
to remove the particle. This phenomenon occurs because particles in this range are too small to be
removed by inertial effects and are too large to for Brownian motion to assist them in leaving the flow
streanto encounter the filter fibers. There is a dip in the filtration efficiency curve denoting this range.
The particle size corresponding to the lowest point on the dip is called the Most Penetrating Particle

Size (MPPS) which has the lowest filtration e#iccy value.

A
T Lverall Efficiency
7y ;
= Inertial
) ;
- Impaction
= E;
Y
g8 4
::: Aterception
1 l | 5
1 | T
0.001 0.01 0.1 1.0

Particle diameter, microns
Figurel.5 Most Penetrating Particle Size (MPPS) region on the combined filtrefficrency curve

resulting from diffusion, inertial impaction and interception mechanisms

1.3.1 Total Filtration Efficiency Model

All these mechanisms describe sticking filtrate to the outside, i.e. the exterior safrtaee

fiber. The gas flows around the fiber and using these mechanisms the particulates stick to the surface.
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The combined effect of all these mechanisms is described Byptak-iltration Efficiency mode[8],

[3], [10], [4], [11], [12], [13] given by Equationl., wher e U is the fiber
(dimensionless), t is the filter thickness in m, R is the fiber diameter ingns, t6tal single fiber
efficiency and includes the contributions of all the mechanisms noted akogedifensionless and

is a number between 0 and 1, with 1 being 100% removal efficiency.

1 C0 P
O p an;Y On 6 wpEPE &

1.3.2 Single Fiber Filtration Efficiency Model

The Single Fiber Filtration Efficiency is given by equatio8 where b stands for efficiency

of diffusion, Er stands for efficiency of interception andgiands for efficiency of inertial impaction

c p O O O on 6 & p&E ¢
Efficiency of diffusion mechanism 0o p®H — Q66
where6 p 1 Papi and 0 °© -
Efficiency of interception mechanism o m— — Y —
Efficiency of inertial impaction mechanism O mdodYn Q

The dimensionless numbers in the above equations are defined as follows:

Peclet number: 0Q —
Stokes number: YO Q——
Kuwabaranumber: 0 6 &&= T UL | T& D

Knudsen number: 0 & ¢—
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where U is the air flow velocity in m/s, D is the coefficient of Brownian diffusion s, &
the gas mean free path, Wis thesparticlle densfiyarckgfinng den ¢ i
air flow viscosity in Pa.s, ds the diameter of the aerosol particle ant dhe fiber diameter in m

respectively.

1.3.3 Fibrous filter media

There are two types @brousfilter media: woven and newoven. Woven filter media are dense
and have low porosity. There is high resistance for flow due to form drag. This results in a large
pressure drop across the media. Pressure drop is indicative of energy consumption; heencémes

filter media are not energy efficient.

1.3.3.1 Non-woven filter media

Majority of fibrous filters used for aerosol filtration are made of-maven fibrous mediaNon-
wovens aralefined byto ISO 9092 and CEN EN 290%2andardsISO 9092 defines newovens as
fifibrous assembly, primarily planar, which has been given a designed level of structural integrity by
physical and/or chemical means, excluding weaving, knitting or papernadkiig Wherea8S EN
29092 defines new o0 v e n A mamsfactired sheet, web or batt of directionally or randomly
orientated fibers, bonded by friction, and/or cohesion and/or adhesion, excluding paper and products
which are woven, knitted, tufted, stittlonded incorporating binding yarns or filamentsfetted by
wetmilling, whether or not additionally needled. The fibers may be of natural ommage origind
[15]. Non-woven filters are made using various materials like polyamides, polyester, polypropylene,
polyacrylonitrile, polyvinyl chloride, glass fiber, steel fibers etc. The four methods of producing non
woven filter media are drylaid, wetlaid, airlaid and spithIThe filter media prepared using these

methods are consolidated using either mechanical, thermal or chemical prfidesses
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1.3.3.1.1 Non-woven nanofiber filter media

Nonwovennanofiberfilter media have become more popular in the past two decades because
they have higher voidage than woven filter media, enabling air to flow with lesser pressure drop.
Commercially honrwovennanofiberfilter media is prepared by sprayingalymernanofiber layer on
the surface of a network of micron sized polymer or glass fibgirsy electrospinning procesas
illustrated in Figure 1.6a. These nanofiber filter media work great for low particulate loading
applications like semiconductor cleanroom, respirators, HVAC systems etc. However, they are less
suitable for applications requiring filtration of higher particulate lo&dken used in high loading
applications, theurface nanofiers quickly retain a layer of filtrate (i.e. filter cake) and go to a high

pressure drop state after brief usage.

1.4 Researchobjectives

A novelnonwovennanofiber filter media was designat NaCl aerosol filtrationvith the goal
to improvefiltration performance and enhance the filter liféis novel filter media was designed by
embedding flocs o¥apor Grown @rbonNanofibers(VGCFs) within the matrix of microrsized

Activated Carbon Fibers (ACFapdepictedn Figurel.6b.

Non-porous Porous
microfibers ACT (microfibers)

e

Spanning

X

Figure 1.6 Different types of nanofibers inclusion a) Nanofibers that span the air stream (commercial

media) b) Nanofiber flocs embedded withmicrofiber matrix made of porous ACFs
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Figurel.7 a) Surface filtration mechanism Bepthfiltration mechanism c) Pressure drop vs dirt

load for surface filter andepthfilter

The commercial nanofiber filter medenploys asurface filtration mechanismas depicted in
Figure 17a. The presence of a spanning nanofiber layer on the surface leads to increased form drag,
resulting in the formation of a filter cake after brief usadge pressure drop increagagpidly as more
NacCl is loaded onto the media, as shown in Figure. In contrast, he novel ACF filter media with
VGCEF floc utilizesa depth filtration mechanisnbue to high voidage and highly porous VGCF flocs
and ACF fibes, it experiencedess form draglnitially, the depth of the media is fillecompletely
before surface filtration commences. Asesult,the pressure drop increases slowly during depth
filtration, and rapidlyoncesurface filtration commences, as depicted in Figure. 1.

More importantly, the ACF media with VGCF flocs utilizes two new filtration mechanisms for
filtering NaCl aerosolsThe first mechanism involves wicking and capillary condensation of liquid
NaCl aerosols directly into thetrafiber nanopores of ACFs and intrafloc pores or VG&tfsgh RH

The second mechanism involves dissolution of otherwise solid NaCl aerosols deposited onto the
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surface of ACFibers (at low RH) into the& nanopores becausesgporesarealreadycondensewvith

water (even at low RH)Y hese mechanisms help enhance the NaCl loading capacity of the filter media.

1.4.1 NaCl aerosol fltration via porous fiber

Activated Carbon Fibers (ACFs) are highly hydrophilic, and easily absorb moisture to
completely fill its intrafiber nanopores, even under low RH conditions. Therefore, the water within
these nanopores can be utilized as a warehouse for continuous Na@hemitr until saturation is
achieved. Assuming that the nanopores contain saturated NaCl solution, potential mass of NaCl wicked
into different types of commercially available ACFs have been calculated, as presented ir L able
It was found that ACFs codipotentially accommodate up to 48 gmhNacClinto its condensed pores.

This calculation was based on the pore volaomtinedin Tablel-1. ACF media with the highest pore
volume, i.e. Toyobo 2500 ACFs, has the higiNssClloadingcapacity Hence, as the pore volume of
ACFs increases, so does the potential mass of NaCl that can be loaded into théelihpaneghlights

the exceptional suitability of ACF®r NaCl aerosol filtrationa key component utilized in our

innovative filter media.

No. ACF Type | BET Surface | Pore Volume pel Pore Volume | Potential mass o
Area (nt/g) g of sample per cm2 of NaCl dissolved
(cm®g) sample in ACF (g/n?)
(cm¥lcm?)

1. | Kynol Cloth 1000 0.468 0.008 26
2. Kynol Felt 1000 0.582 0.01 32
3. | Toyobo Felt 1600 0.797 0.014 45
4. | Toyobo Fiber 2500 0.88 0.015 48
5. Glass Fiber N/A 0 0 0

Tablel-1 Pore volume and potential mass of Na@ikedby different Activated Carbon Fibers

Activated Carbon Fibers have a large specific surface area thertextensive nan@orosity,

as shown in Figurg.8. The IUPAC has classified a pore of internal width less than 2 macaspores,
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pore of internal width between 2 and 50 nnm@sopore and pore of internal width greater than 50 nm
as macroporeq16]. The BET analysis of ACFs used this studydemonstrated the presence of

mesoporeand macroporess shown in Figurg.9. Mesopores were found to be the predominant pore

type.

micra-pore

ultramicfe-ping

Figurel.8 Different types'of pores in an ACF
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Figurel1.9 Pore size distribution of ACFs used in filter media for this study
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1.4.1.1 Adsorption of water in ACFs

Past study has shown that the water adsorption on pores of activated carbon fibers are due to

physical adsorption phenomena and chemical interaction with surface functional [@7qups

1.4.1.1.1 Physical adsorption of water in ACFs

The physical adorption of water vapor in the mesoporous ACFs is dominated by the
interactions between water molecules and the pore walls of ACFs, as well as attractive interactions
between water molecules. This leadsrialtilayer adsgotion andcapillary (pore) condensation in
mesopores. The water vapor condenses to a liquid phase inside the pores at a pressure less than th
saturation pressure Bf the bulk watef18]. The stability of adsorbed multilayesaterfilm at the pore
wall is determined by the attractiwgaterwall interactions and the curvature of the liquapor
interface. At a criticalc| pore condensation (e.g. of phase transition) occurs in the core of the pore,

controlled by intermolecular forces in the corater.

o

Monolayer formation Multilayer adsorption Reaches |, Condensed pore
commences

Figurel1.10 Adsorptionof wateroccurring inmesopore$18], [19]

Pore condensation represents a-fingter phase transition from a géee state to a liquidike
state of the pore fluid, occurring at a chemical potential p less than the valyweabfgpsliquid
coexistence of the bulwater The relative pressure where this condensation occurs depends on the
pore diameter. The relationship between the pore size and the relative pressure where capillary

condensation occurs can be described by the classical Kelvin equation.
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1.4.1.1.1.1Kelvin Equation

The Kelvin equation describes how the equilibrium vapor pressure of a liquid in a small pore,
like those found in ACFs, increases with decreasing pore size due to increased curvature of the
meniscus formed by the liqguihaporinterface. In the case of water in mesopores of ACFs, as the pore
size decreases, the curvature increases, causing the equilibrium vapor pressure to rise. This elevatec
pressure allows water molecules to condense into the liquid phase within the poet tergreratures
below the bulk saturation temperature, leading to pore condensatien.Kelvin Equation is
represented by Equatidn3[20], [21].
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Note: In a cylindrical pore the condensed liquid reveals a hemispherical meniscus and the mean
radius of curvature corresponds to the pore radius (i.e., the Kelvin radius).

f* L” at the boiling point and complete wet't

of Kelvin equation is used.
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1.4.1.1.2 Chemical adsorption of water in ACFs

The chemicahdsorptiorof water in ACFss governed by thenteraction of water witloxygen

and other functional groups as shown in Figuid.
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Figurel.11 Nitrogen and oxygen surface groupsamtivatedcarbon[22]

The oxygen functional groups enhance the uptake of water even at low pressures. This is due
to the electrostatic partial charges of the oxygen functional group. Among oxygen functional groups,
carboxylic groups showed the highest affinity towards wateeoub¢s[23]. It was found that water
molecules initially absorb around theygen functional group and then form clusters which grow as
more water molecules are added at higher pressure. Nitrogen and sulfur functional groups also have
been found to have similar effects on water adsorgfidh [25]. However, absorption of water can
also be affected by the concentration, location and distribution of functional groups, pore size
distribution, pore connectivity, temperature etc.

The water absorption process in carbon is explained in four stages. First the cluster of water

forms, secondly the cluster grows and coalesces, thirdly the micropores filling occurs and finally the
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mesopores fill ug26]. A schematic description of water adsorption in carbon materials is shown in

Figurel.12.
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Figurel.12 A schematic description of water adsorption in carbonaceous materials

1.4.1.2 Wicking of NaCl aerosols into wet ACFs

The wicking of NaCl aerosd into wet (i.e. water condensed)CFs can be explained
thermodynamically by the concept of heat of
free energy is given by Equatidmd. Solid and pure crystallindaCl and pure water want to be an

agueous solution of higher ®@S and | ower H,

of water mol ecul es. This helps minimize the

favorable.Therefore, NaCl aerosotsan be continuously wicked into the condensed pores of ACFs

until saturation is reached.
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1.4.2 NacCl aerosol fltration via nanofiber floc (utilization of wall -slip)

Nanofibershave been used air filter mediafor the past two decad§g®7], [28]. However, they
have been used mostly sisrface layepr coatingon top ofa substratemade ofmicronsized fibers.
Some common substrates are nonwoven fabrics, paper substrates, glass fiber substrates, polymer films
membrane filters etcThe nanofibers are deposited onto the substrate using techniques like
electrospinning, melt blowing, coating et&lthough these nanofiber filters have high filtration
efficiency, they have high air resistance due to the spanning nature of the nanofiber layer. Particularly
for applications requiring high pactilate loadings, these filters are ineffective because they clog after
a brief usageMoreover, these electrospun nanofiber filters are difficult to produce indus{@ally
[28], [29]. A better approach of incorporating nanofibers into filter media is necessary.

Incorporation of nanofibers in the form of a flbas the potential tenhance the filtration of
NaCl aerosols because it has high suAaeeclume ratio andvould not span the entire flow stream
leading to reducedressure drogdt can entrap NacCl patrticles inits intra-floc porositythroughslip-
flow mechanisnoccurring over its nanofiberthuspotentiallyenhanag the NaCl loading capacity.
Moreover, its high freenessallows for seamless integration into continuous paper machine
manufacturing processebhe nanofiber flocs easily disperse in water producing uniform filter media.
On calendaringr compiessionthe flocs transform inta contiguous contact with high porosityhis
study investigates the effect of incorporatmanofibers in the form of a floc on the filtration of NaCl
aerosols in different phases. Filtration performance metrics including filtration efficiency, pressure
drop, quality factor, and NaCl loading capacity are evaluated to determine the efficacy Bff&C
in NaCl aerosol filtration. Analytical techniques such as SEM and EDS are utilized to quantify the

results.
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1.4.3 Effect of RH on NaCl particulates

NacCl is hygroscopic in nature, therefore it exists in different phystateqi.e. phasesjinder
different RH conditionsThe water coverage is ~0.5 layer at 35% RH, 0.5 to ~1 layer from 35% to
40% RH, 2.5 layer at 45% RH and more than 3 layers (resembling bulk water) above 6. RH
a certain relative humidity NaCl aerosol crystal takes up enough water to form a saturated @olution
NaCl This is known as thBeliquescence Rifbr DRH). NaCl aerosohas a theoretical deliquescent
point of 75% RH5]. When liquid NaCl aerosols are exposed to increasingly lower RH, they crystallize
at a certain RH. This RH is known as thi#lorescence RH (ERHNaCI aerosol has BRH of 445%

RH [31], [32]. Figure 1.13 illustrates thevolutionof NaCl particle diameter asfunction ofrelative

humidity. Between ERH and DRH, NaCl remains in a metastable state.

A

NaCl aerosol diameter

Y

>
Relative humidity

ERH DRH
(~45%) (75%)

Figure1.13 Evolution of NaCl aerosol diameter as a function of relative humidity

One of the objectives of this work is to investigate the interaction of NaCl aerosols in dry,
hydrated, and aqueous forms with different types of filter fiteegs ACF, VGCF flocs, Graphite etc.)

and howthese interactionaffects the filtration mechanism like wicking.
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1.5 Filtration performance metrics

Various filtration performance metrics are used to evaluate the effectivernmsaiofilter media in
removing particles from air. Filtration efficiency, Quality Factor and Dirt (i.e. Ne@bingcapacity

are the key metrics usé¢al evaluate the performance of filter menhahis thesis.

1.5.1 Filtration efficiency

Filtration efficiency (E) is the most important metric used to measure the performance of a filter.
It primarily depends on the type of filter media used. It also depends on particle size of filtrate, filtration
area and filtration velocity. The average filtration efficiency canelbaluated using equatidn5,
according to ASHRAE 52.2 Standd@8B], where pp is the number of particles upstream agghis
the number of particles downstream of the filter meldies expressed as a number between 0 and 1.
Theoretically filtration efficiency has been modeled by Total Filtration Efficiency Madeich has

been discussed in the previaestion.

o ——- 0on 6 oMM ¢

1.5.2 Pressure drop

The filtration efficiency is directly proportional to pressure drop across the filter media.
Pressure drop across a filter media corresponds directly to the energy consumption since it is indicative
of the work done by the blower to push air through tier{i34]. There is a tradeoff between pressure
drop and filtration efficiency, hence an optimization must be done for optimal filtration performance.
Pressure drop across a filter media is a function of face velocity of air passing through it and is related
by Equation 1.6, known as[35Darcyés | aw

3 ow 0on 6 o P ¢
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Pressure Drop

A 4

Face Velocity

Figurel14Pr essur e drop profile across filter accor

Figurel.14s hows t hat according to Darcyods | aw,
linearly with face velocity. Quadratic and third order dependence of pressure drop with high velocities

may be seen due to compression of the filter media or due to filigndes

1.5.3 Quality factor

Filtration process consumes energy in the form of pressure drop (i.e. PV work). Thercefst
ratio of filtration process is defined in terms of Quality Fa¢@), which is defined by equatidn?,
whereo i s the fractional capture of particle per
is pressure drop across the filter in & E is the total filtration efficiency (dimensionless). The
Quality Factor is fundamentally defined as filtration efficiency divided by the pressure drop through
the media. Quality Factor can also be defined as the ratio of fractional capture of pagticied p

thickness divided by the pressure drop per unit thickness.

U i TP
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The Quality Factor can depend on many variables including: gas temperature, gas pressure, gas
face velocity, gas viscosity, RH, particulate size, particulate composition, particulate shape and many
filter properties including fiber diameter, compositiongntation, volume loading, media thickness,
hydrodynamic entrance, exit conditions etc. The Quality Factor also incorporates the fundamental

filtration mechanisms discussed above.

1.5.4 Particle (i.e.NaCl) loading capacity

The filtration efficiency, pressure drop, and Quality Factor changes with time, as more
particulates get entrapped by the filt§td]. Particle loading capacity is defined as the quantity of
contaminant dilter can trap and hold before the maximum allowable back pressure drop is reached. It
is indicative of the filter lifetimg¢36]. As the particle loaded into the filter increases, the pressure drop
across the filter media also increases. Hence, depending on the power consumption, the upper limit to
pressure drop is defined, after which the filter is replaced. Filters with higbl@#oading capacity is
desired, but these filters also have low filtration efficiency. Hence optimization should be performed
according to both parameters. Different fiber materials and packing densities can lead to different
particle loading behavior#\ particle loading curve shows the pressure drop as a function of particle

loaded onto the filter media.

45



Surface loading

Pressure Drop

. A
Depth loading b

-~

Transition point

v

Time

Figurel.15A particle loading curve which indicates increase in pressure drop across filter as a function

of time, as more particulates are entrapped by the filter

A typical particle loading curve is shown in Figur@S..The curve has two distinct parts. The
pressure drop increases slowly at the beginning and transitions into a phase with rapid increase in
pressure drop. The slow initial increase in pressure drop is due to loading of particulates inside the
depth of themedia. Once the depth of the media is filled, the filter gets clogged, and a filtrate cake is
formed which acts as a surface filter. The filter cake results in a higher pressure drop. Generally, filte
are used untithey reachhe transition point between depth loading and surface loading as shown in

Figure 115.

1.6 Particle spectrometer used in the study

The aerosol spectrometer usedample and count NaCl aeropalticles needed for calculating
the filtration efficiency of the various filter media used in this stusly.aser Aerosol Spectrometer
Model 3340by TSI, shown in Figure 14[37]. It is an opticalscattering lasebased spectrometer.

This spectrometer counts partictamgingfrom 90 nm to 7.5um and the particle data are binned into
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up to 100 usedefined size channel§he spectrometer hasailt-in computer with a interface that

allows control setup,datareporting and collectian

Figurel.16 Laser Aerosol Spectrometer 3340 by TH]

1.6.1 Theory of operation of LAS

The spectrometer measures the size of the NaCl particle based on the amount of light scattered
by theparticle as it passes through an intense laser bEaeparticles are confined to the centerline
of the laser beam by sheath air. This spectronustes a HéNe gaslaser inapatented cavity, as shown
in Figure1.17. NaCl particle produces light pulse when it passes through the laser beam, which is
sensed by a pair gblid-statephotaletectors. This is then analyzed by four cascading amplifier stages
connected t@nalogto-digital converters to determine their size

Sealed Recessed External
High Reflector Parallel Window High Reflector

\ Aerosol
"

I | ; e

Laser 5Smw

>1W Intracavity Power

Figurel.17 Intracavity Laser used in LAS 33487]
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1.7 Characterization techniques utilized

Several characterization techniques were used to analyze and characterize filter materials at

various stages of the experiments.

1.7.1 Optical microscopy

Optical microscopy is the primary method to examine the microstructure of matéhals.
object is placed one or two focal lengths from an objectivedepssition A, as shown in Figure 1.18
Light rays emitted from the object converge at the objective lens and then focused on position B to
form an inverted magnified image. The light rays further convergleeatecond(projector)lens to

form the final magnified image at position C.

Final image
Object

~C T /S Wytanne-. "

1st image

f1 f1 f2 f2
Figurel.18 Image formation in an optical microsco38]
Optical microscopy was used in this work primarily to observe the deliquescence of NaCl
particles when exposed to high RH air. Using optical microscopy, the deliquescence and subsequent
interaction of liquified NaCl dropletsith filter fiberswere observed and recordesing a Nikon SMZ

U optical microscope.

1.7.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscope examines the microstruaitige specimerby scanning the
surface with focused electron beam to produce images with higher res¢@idomo 100000Xthan
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other microscopes. SEM images have tidimeensional appearance due to greater depth of Tillel.

process of forming an SEM image is summarized by Figut@ First an electron gun emits high

energy electrons. The emitted electrons pass through a series of electromagnetic lenses (two condense
lenses and one objective lens), which focus the beam to a fine probe of nanometéhscgperture

helps limit the divergence of the beahhe electron probe is controlled by two pairs of electromagnetic
scan cds. The focused electroprobescans across the surface of specimen in a raster pattern. The
electrons interact with the atoms in the sample and various signal electrons are generated which are
collected by detectors. The most common signals captured by detectors are Secondarg E&€xron

and Back Scattered Electrons (BSE). The detected signals are amplified and processed to construct ar

image of the specimen surface. The image is finally displayed on a monitor.
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To
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Figurel.19 Working mechanism of a Scanning Electron Microscope (S[B®I)

SEM was used in this work to obtain higgsolution and high magnification images of various
filter media at different stages of filtration to observe the features of filter media as well as to understand
the filtration mechanisms taking place at a given p@fM used in this work wageiss EVO 50

SEM.
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1.7.3 Energy-dispersive Xray spectroscopy(EDS)

Energydispersive Xray spectroscopy is a technique used in conjunction with SEM to analyze
the elemental composition of a speciméfinen the electron beam in SEM interacts with the atoms of
the specimen, it causes the ejection of inner shell electrons of these atoms. This creates vacancies anc
the outer shell electrons fill these vacancies. During this process the electrons relepsinehe
form of characteristiX-rays as shown in Figure 1.208he detectors detect the energy of the incoming
X-rays as illustrated in Figure 1.208ince each element emitsrays at characteristic energy levels,

this allows element identification.

incident
=~/ electron

characteristic
X-ray

"““Wi;
5
Ka "ﬁ
4

ejected 3‘
electron ™

a) b)
Figure1.20 a) Generation of KIX-ray b) X-ray being detected by a detector in E28]

EDS was used in this work to detect the NaCl aerosols deposited onto Véteodibers. It
was also used for mapping elements like chlorine and carbstudy the NaCl distribution across
different types of fiberso elucidate theinique filtration mechanisms occurriagrosddifferent types

of filter fibers.
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1.7.4 Brunaueri Emmetti Teller (BET) machine

A BET machine is used to measure the specific surfacebpeaoussolid materials. The BET
method is based on the principle of gas adsormida the surface of the solid materiditrogen gas
is a common adsorbate used in BET metbhechuse it readily adsorbs onto most surfaces at cryogenic
temperaturesThe BET machine collects data on the amount ofa@dsorbateaxdsorbedn the sample
at different pressures, which is used to construct adsorption isotherm. Finally BET equation,
represented by Equatidng, isapplied to the adsorption isotherm to calculatentbight of molecules
adsorbed in a completed monolayer{M48].
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Once W is calculated, Equatiod.9 is used to calculate the specific surface akghe
specimen.
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BarrettJoynerHalenda (BJH) method, which involves analyzing the desorption branch of the

adsorption isotherm, is used to calculate pore size distribution usingthiedKelvin equatior{41].
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The total pore volume is calculated also by integratingatis®rption branch of the adsorption
isotherm.

Autosorb 1Q TPX from AntorPaarwas used to calculate the BET surface area, pore size
distribution and pore volume of different fibers used in this study. The difference in surface area or
pore volume between different stages of the filtration process also helped understand the mechanis

of NaCl transport into porous fibers.

1.7.5 Mercury Intrusion Porosimetry (MIP)

Mercury intrusion porosimetry is a technique used to determine characteristics such as surface
area, pore size distribution and pore volume of porous solids. This is mostly used for materials with
micron sized pores. In a MIP, liquid mercury is graduaifgdted into the sample under increasing
pressure. The pore size distribution curve is obtained by plotting the volume of mercury intruded
against the applied pressufidne Washburnequation given by Equatiori.10 is used to analyze the
intrusion data and calculate parameters like pore volume, mean pore diameter, and specific surface
area[18].

01 qAI-88888888888801n06 & pRears
where,

i) &1 DQQO I

OdAi Qi i QNG WERQTI GEE @I 61 Q¢ ¢

' 601 "WONI VAR wol ©

—go € & 0RO AI @O U R QE O OE &N ¢ WA Qi QO &

MIP was used in this work to determine the pore size, pore vanohspecific surface area of

interfiber pores, intrafiber pores and/or intraffuares of the various filter media studiéditoPore V

9600 by Micromeritics was used for MIP.
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2 Chapter 2: Wicking NaCl Aerosols into Pore Volume of Nanofibers to Enhance the NaCl
Loading Capacity of Filter Media

2.1 Introduction and motivation for the study

The filtration of NaCl aerosol holds significance due to its substantial presence in the air within
marine environments. This results in the deposition of NaCl on marine vessels and equipment, thereby
causing an increase in maintenance costs. Additiorsallgxcess of NaCl aerosol can adversely impact
air quality in coastal regions and contribute to damage to infrastructure through corrosion. Moreover,
NaCl aerosols also resemble properties of numerous other airborne particles, making them a commonly
employed standard test aerosol for assessing the filtration performance (including filtration efficiency,
pressure drop and dust loading) of various filter media, ranging from HEPA [&rt respirator

filters [43].

Fibrous filters, typically composed of materials such as polymer fibers, fiberglass, resin wool
etc.[44] are commonly used for thi#tration of NaCl aerosols. The interaction between NaCl aerosols
and the filter fibers in these filters depends on the size of the aerosol particles. NaCl aerosols in the
size range ~1 em to 10 em under go dmiwhitethaseinon t
the size range 100 nm to 1 em filter through
filter by the diffusion mechanisfi0], [45]. The single fiber filtration efficiency model mathematically
models these fundamental filtration mechanifghg10], all of which entail sticking NaCl particulates

to the surface of the fiber.

For applications requiring low NaCl aerosol loading, surface filters like HEPA and ULPA are
used. However, in applications involving high NaCl aerosol loading, depth filters are employed.
Commercially available depth filters, used in highd NaCl aerosol fitation, capture NaCl by

sticking it to the fiber surface via the aforementioned mechanism(s). The limitation of currently
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available depth filters is their relatively shorter lifespan. While initially there is depth loading, after a
brief period of usage they transition to surface loading, thus underutilizing the full depth/thickness of
the filter media. This quick transitidnom depth to surface loading occurs due to the formation of a
filtrate layer on the surface of the filter. Consequently, this leads to a substantial increase in pressure

drop across the media, which corresponds directly to higher energy consu@Li¢47], [48].

One potential solution to address this issue involves using a porous hydrophilic fiber, such as
Activated Carbon Fiber (ACF), to wick these hygroscopic and veateible NaCl particulates into its
condensed intrafiber pores. Not only would this preventdaheation of the NaCl layer on the filter
surface, but also has the potential to significantly increase the NaCl loading capacity of the filter media.
The concept of filtering filtrate into the intrafiber pores in this manner has not been contemplated
before. ACF is a highly porous hydrophilic fiber characterized by pore sizes that span from micropores
(below 2 nm) to mesopores (2 to 50 NAY], [50], [51], [52], [53], [54] These hydrophilic intrafiber
pores are condensed with water due to capillary condensation, even in low RH cofti#jo[is],

[26], [55], [56] The Gibbs free energy for the condensation of water vapor per gram of ACF is
calculated to be431.4 J, as illustrated in FiguBl. The negative value of the Gibbs free energy
change confirms that the condensation of water within the intrafiber pores of ACF is
thermodynamically favorable and spontaneous. These condensed pores of ACFs can wick and retain
NaCl aerosol until they satate with NaCl, potentially increasing NaCl loading capacity when used in

a filter media.
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Experimentally, 0.193 gmNaCl/gmACF was wicked into the nanopores of ACF, as outlined in
Table 2-1. The wicking of NaCl aerosol in the condensed ACF pores can be explained by Kelvin
Equation, adsorption, and thermodynamics. According to the Kelvin Equation (EgQdt)prhe
equilibrium vapor pressure (P) of a liquid is inversely proportional to the radius of curvature (r) of the
pore [57]. Therefore, NaCl aerosols near the ACF pores (which have a high radius of curvature)
experience reduced equilibrium vapor pressure compared to the surrounding gas phassorhis

pressure gradient drives the migration of NaCl aerosols into the ACF pores.

Weight
Mass of water condensed inside an ACF 0.318 gmWater/gmACF
(at an ambient condition of 21°C, 55%RH)
Mass of NaCl wicked inside an ACF 0.193 gmNaCl/gmACF
(with a saturated NaCl solution of 0.36 gmNaCl/ccH20)

Table2-1 Mass of water condensed per gram of ACF and mass of NaCl wicked per gram of ACF
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The wicking ofNaCl by ACFs is also facilitated by physisorption and chemisoriigjn [59].
Physisorption is governed by the weak van der Waals attractive forces between the walls of the ACF
pores and NaCl molecules. Chemisorption occurs due to the chemical interaction of NaCl with surface
functional groups containing oxygen. The dissolutioMafCl occurs by the condensed water inside
the ACF pores because being in aqueous solution is thermodynamically favorable and spontaneous for
NaCl, as indicated by negqgd60][6lE[625Thb Gilsbs ffee energye ne r
for the dissolution of NaCl per gram of ACF is calculated tells®.7 J, as depicted in Figu2d.. This
decrease in free energy is due to the formation of N&@ér interactions and the increased entropy of
the system. As long as there is water in the pores, there is a constant driving force to wick more NacCl
in. By rehydrating the pores with highHRvia RH cycling) more NaCl can be concentrated into the

pores unit they completely saturate with NaCl.

Another potential solution to prevent the formation of a filtrate layer on the filter surface and
enhance both NaCl loading capacity and QF is to integrate nanofibers into the filter media. Nanofibers
are commonly applied as a surface layer overwowenfilter media to increase filtration efficiency
[63], [64], [65], [66] However, using nanofibers in this manner leads to increased pressufé7rop
A better approach is to incorporate nanofibers uniformly throughout the entire thickness/depth of the
fibrous filter, as opposed to just the surface. Karwa et al have previously developed@eomickel
microfibrous matrix with a uniform thredimensonal distribution of carbon nanofibef8§8], [69],

[70], which is better suited for applications demanding ‘igtd NaCl aerosol filtration. While these
media demonstrated improved FE and QF, these studies did not assessnopgrformance metric
such as NaCl loading capacity. A more effective methodfmrporating nanofibers into a naoven

media involves creating nanofiber flocs and embedding them into thevemen matrix. Such
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embedded nanofiber flocs are highly porous (with high surfacetanedume ratio) and do not span

the entire flow stream, thus avoiding an undesirable increase in flow resistance. More importantly, the
flocs have the potential to warehouse excess p&tesithrough a wallip phenomenon occurring

over nanofibers within the floc. Slip flow occurs when air encounters nanofibers with diameters
comparable to the mean free path of air (65 nm at STP). In slip flow, the drag force per unit filter fiber
surfae area is reduced compared to 1stip flow, enabling the capture of particles with a reduced
pressure drof63], [71], [72] Building on this principle, Karwa et al successfully developed nanofiber
flocs using VGCF and embedded them into a nickel fiber m@@@ix Likewise, Zhao et all embedded

them in an ACF matrix73]. While both of these studies optimized the floc content to achieve the
highest QF, they did not investigate the NaCl loading capacity of the VGCF flocs or that of the

respective support fibers.

Considering the limitations of conventional depth filter media, a novel filter media was
developed to incorporate two aforementioned novel filtration approaches (filtering and warehousing
NaCl aerosols 1. Inside ACF pores and 2. Inside VGCF flocs), wathydhl to achieve enhanced QF
and NaCl loading capacity. This novel filter media was synthesized by embedding flocs of VGCF
uniformly inside an ACF matrix, as illustrated in Fig@reb. The ACF and VGCFs are bound together
by bicomponent polyester/polysilne fibers, acting as a thermal binder. For comparison purposes,
graphite media (with comparable permeability and thickness) was also synthesized, substituting ACF
with nontporous graphite fiber with similar chemical properties, as depicted in F&y2ae This
substitution was made to examine the effect of intrafiber porosity of ACFs on NaCl aerosol filtration.
The graphite fiber media shares a common characteristic found in commercial depth filter media, the
presence of a singular porosity domain:ititerfiber porosity between the fibers. In contrast, the ACF
media (with VGCF flocs) contains muliomain porosity in different size regimes. This porosity is

categorized into three domains: 1) Interfiber Porosity (between ACFs, VGCF flocs, and binggr fibe
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2) Intrafiber Porosity (inside ACFs), and 3) Inflac Porosity (within VGCF flocs), as detailed in

Table2-2. The pore si

Z e

ranges

from 2.

97 nm

(intr

porosity between fibers), and the pore volume varies from 4.1 cm3/gm (VGCF floc) to 0.950 cm3/gm

(ACF), as listed in Tabl@-2. The objective is to effectively filter and warehouse NaCl within these

different porosity domains, thereby enhancing both QF and NaCl loading capacity. ACF media without

VGCEF flocs was also synthesized for comparative purposes, to study the efféc-tbmporosity

of VGCF flocs on NaCherosol filtration.
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Type of
Media

Types of
Porosities

Pore
Diameter
(€m)

Total Pore
Area
(m2/gm)

Surface
Area

Total Pore
Volume
(cm3/gm)

Total
Pore
Volume
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via Hg
porosimetr
y

(m?/gm)

via N2
BET

via Hg
porosimetry,

(cm3/gm)

via N2
BET

Graphite
Media

. Interfiber

Porosity
(between
graphite
fibers and
binder
fibers)

Between 40
70

37.6

N/A

5.5

N/A

ACF
Media

. Interfiber

Porosity
(between
ACFs
and
binder
fibers)

. Intrafiber

Porosity
(inside
ACFs)

Betweenl110
-170

0.00297

68.9

N/A

N/A

1700

15.8

N/A

N/A

0.950

VGCF
floc
embedds
d ACF
media

. Interfiber

Porosity
(between
ACFs,
VGCF
flocs and
binder
fibers)

. Intrafiber

Porosity
(inside
ACFs)

. Intrafloc

Porosity
(inside
VGCF
flocs)

Between 60
100

0.00297

N/A

97.7

N/A

28.7

N/A

1700

N/A

11.7

N/A

4.108

N/A

0.950

N/A

Table2-2 Types of porosities and porosity characteristics of different types of filter media used in this

study
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2.2  Experimental details

2.2.1 Filter media synthesis

ACF media (with VGCF flocs) was synthesized by entrapping flocs of VGCF within an ACF
matrix stabilized by a polyester/polyethylene binder fiber. ACFs, with a specific surface area of 1700
m2/gm, were obtained from Toyobo Co., Ltd, Japan. VGCFs (prodRiei¥9-XT-PS) were obtained
from Pyrograf Products Inc. Tab®3 provides the dimensions of filter fibers used in synthesizing

various filter media used in this study.

Fiber Type Diameter Length Apparent Fiber (Skeletal)
(um) (mm) Density (gm/cn¥)
(via Hg Porosimetry)
ACF 20 35 0.73
VGCF 0.15 N/A 0.63
Graphite 7 6 2.17
Bi-component 8 6 1.05
polyester/polyethylene

Table2-3 The dimensions of various fibers employed for synthesizing different fileztia used in

this study

The preparation of VGCF flocs and subsequent synthesis of filter media has been previously
described in detail by Zhao et[@B]. For comparison, ACF media was also synthesized without VGCF
flocs to investigate the impact of their absence on NaCl aerosol filtration. Similarly, for comparison,
Graphite media was also synthesized by replacing ACFs witpowus graphite fibers txplore the
impact of the absence of intrafiber porosity on NaCl aerosol filtration. To ensure a fair comparison,
Graphite media and ACF media (with VGCF flocs) were synthesized with same volume loadings of

fiber in order to obtain comparable thickness padneability, as outlined in Tabke4.
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Media sample Volume loading Average thickness Weight

(external) (mm) loading
Graphite Media Graphite: 5.302% 5.85 Graphite:
VGCF: 0% 85.6%
BiCo: 1.857% VGCF: 0%
Void fraction: 92.481% BiCo: 14.4%
ACF Media ACF: 5.302% 4.87 ACF: 66.7%
VGCF: 0% VGCF: 0%
BiCo: 1.857% BiCo: 33.3%
Void fraction: 92.481%
ACF Media (with VGCF ACF: 5.302% 5.31 ACF: 59.3%
flocs) VGCF: 1.157% VGCF: 11.1%
BiCo: 1.857% BiCo: 29.6%

Void fraction: 91.684%
Table2-4 Volume loading, average thickness, weight loading and external surface area of various filter

media used in this study

2.2.2 Spectrometer and calibration

The particle counter used for filtration efficiency tests was LAS fi@h The spectrometer
uses a lasdbased technique to measure and analyze aerosol particles. The instrument emits a laser
beam into a sample containing aerosol particles. As the laser beam interacts with the particles, it scatters
light in different directios. The spectrometer detects and measures the scattered light, allowing it to
determine the size and concentration of the particles. It is a particle counter with a rang&o® 90
nm with over 100 selectable channel sizes. The sample size can be varied from 10 to 100 sccm, of

which 50 sccm was used for all tests.

61



B Low RH (0-5%) W High RH (~75%)
8000

7000

6000

icle Count
B w
o o
o o
o o

3000

Part

2000

1000

90-100

100-110
110-130

130-150
150-170
170-190
190-210
210-230
230-250
250-270
270-290
290-310
310-325
325-375
375-425
425-475
475-525
525-650
650-750
750-850
850-950
950-1050

Particle Size (nm)
Figure2.3 Particle size distribution of NaCl aerosols under low RH and high RH conditions detected

by LAS laser spectrometer

To investigate the effect of RH on particle size and concentration, the spectrometer was
subjected to low RH (%) and high RH (~75%) NaCl aerosols, as shown in Figi&eThe total
number of particles are the same under low RH and high RH conditions. For the particle size-range 90
290 nm, there are more particles under low RH condition compared to high RH condition. On the
contrary, for the particle size greater than B8 there are more particles under high RH conditions
compared to low RH condition$his is because under high RH, NaCl particles increase in size due to
hydration owing to their hygroscopic nature. Even some particles that would normally fall within the
90-290 nm range under low RH condition may undergo swelling due to hydration, géusim to
shift into the >290 nm range. The consequences of this effect on filtration parameters such as FE and

QF are discussed in the results section.
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2.2.3 Test Cell
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Figure2.4 Schematic of the benedtale setup for evaluating filter media

The filtration tests, including assessments of filtration efficiency, pressure drop and NaCl
loading, were performed using the experimental setup depicted in Riguie uniform face velocity
of 22.4 cm/s was employed for all experiments. House air at 20 psi was used as the air supply required
for experiments. A silicgel desiccant was used to remove any moisture in the air. The dried air was
split into two flow patls each passing through inline HEPA filters to remove any contaminants. Mass
flow controllers (MFC) were employed to regulate the flow rates. One portion of the dry air (1.2 SLPM)
was directed to the nebulizer. A Hudson RCI Micro Mist nebulizer by Teleflex Medical with 2.5%
(w/w) NaCl solution was used to produce low concentration polydispersexsol for filtration
efficiency tests. Meanwhile, a ofet Collison Nebulizer by Mesa Laboratories was used for
generating higheconcentration polydispersed aerosol for NaCl loading tests. Wet NaCl aerosols were

passed through a diffusion dryer (DD®@3rom Air Techniques to eliminate moisture. To neutralize
63



any static charge developed during aerosolizing, NaCl aerosol was passed through an assembly of
aerosol charge neutralizer (Moe#)00) from Brechtel Inc and two Polonite@10 strips from NRD

LLC. The remaining portion of the air (5.61 SLPM) was furtherd#ig into two streams. One stream

was directed to a custemade glass bubbler to generate humid air, while the other served as a drying
air to control and achieve the desired RH level. After mixing the NaCl aerosol, humid air and dry air
streams, the finatoncentration of NaCl in the challenge aerosol was 0.32 ppmw for the Hudson RCI
Micro Mist nebulizer (used for filtration efficiency tests) and 9.95 ppmw for thejain€ollison
Nebulizer (used for NaCl loading tesfg¥]. The rationale for using a leeoncentration aerosol in
filtration efficiency tests is due to limitation of the LABectrometer, which accurately measures only

low concentration of aerosols (with a limit of 3000 particles/sec).

The testing section for filter media consisted of a stairdess pipe with an inner diameter of
25.4 mm. Filter media samples were positioned between two flanges, secured with foam gaskets to
ensure an airtight seal. Each sample punched out was 158 &@8%2Zm in diameter), with a working
area of 5.07 cm2 (2.45 cm in diameter). A thneey valve was connected to both upstream and
downstream isokinetic probes to draw samples for the spectrometer. The pressure drop across the filter
media was measureding a pressure transducer by Invensys with a range06fiOH20. To determine
NacCl loading at various points during the loading process, the samples were temporarily removed from
the test rig and weighed using a laboratory precision balance. For egatiofiltest, three samples

were analyzed to ensure the repeatability of the data.

2.2.4 Physical Characterization

Physical characteristics of the filter media were determined using Scanning Electron Microscopy
(SEM), EnergyDispersive xray Spectroscopy (EDS), BET, Mercury Porosimetry, and Optical

Microscopy. The NaCl deposited on the filter media was captured amtifgpthusing a Zeiss EVO
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50 SEM and INCA EDS. The nitrogen multipoint BET surface area, pore size distributions and total
pore volumes of ACFs were determined using Autosorb 1Q TPX from Aé&am. Average and total
pore area, total pore volume and skeletal density were obtainedibg AutoPore V mercury
porosimeter by Micromeritics. The length and diameter of the fibers were determined by using a Nikon

SMZ-U opticalmicroscope.

2.3 Results and Discussion

2.3.1 Pressure Drop

Pressure drop refers to the decrease in pressure that occurs as air passes through a filter. It is
caused by the resistance encountered by the air as it flows through the filter media. The pressure drops
across ACF media, ACF media (with VGCF flocs) andghite media were measured by flowing

compressed air (20 psi) at varying flow rates, as shown in Fighire

-e-ACF Media -o-ACF Media (with VGCF flocs) -e-Graphite Media
2500.0

20000

1500.0

AP (Pa)

1000.0

500.0 4 o

Flow rate (SLPM)

Figure2.5 Pressure drops of various filter media (with constant volume loading of fibers) as a

function of flow rates
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Graphite media exhibits a higher pressure drop compared to both ACF media and ACF media
(with VGCF flocs). To ensure a fair comparison, the volume loading of fibers in both ACF and graphite
media was maintained at 5.302%, as specified in TaBleGiven the skeletal density of 2.17 gm/cm3
for graphite fiber and 0.73 gm/cm3 for ACF, achieving an equal volume of fibers requires a greater
mass of graphite in the graphite media. More importantly, the smaller diameter of graphite fibers (7
pm comparedio 20 um for ACF) results in denser packing, leading to higher flow resistance.
Therefore, despite the same fiber volume loading and comparable thickness (4.87 mm for ACF media
vs. 5.85 mm for graphite media), Figu2é illustrates higher pressure drop in graphite media. A
graphite fiber larger than 7 pm could not be obtained as it does not get manufactured by most
manufacturers. On the other hand, the addition of VGCF flocs to ACF media only marginally increases

pressue drop compared to media with ACF fibers &on

2.3.2 Filtration Efficiency

Filtration efficiency (E) refers to the ability of a filter to capture and retain particles (of specific
size or range of size) from the air stream passing through it. It is expressed as a percentage. The
filtration efficiency is calculated using Equatiar2, where nup is the number of particles upstream of
the filter and ndown is the number of particles downstream of the[iiBgr The filtration efficiency
of ACF media, ACF media (with VGCF floc) and Graphite media were determined by filtering NaCl
challenge aerosol (0.32 ppmw) under low RE580) and high RH (75%) conditions, as shown in

Figure2.6.

0O ——— pUTMPL8L888888880N70 OXE ¢

66



-+ACF Media & ACF Media (with VGCF flocs) -+Graphite Media -+ACF Media -4-ACF Media (with VGCF flocs) -+-Graphite Media

100.0% 120.0%
. " FLow RH (0-5%) . High RH (75%)
R 0% X 100.0%
—~— 80 0% £ — B 0
2 soox | 5
c 700% ¢ C 80.0%
.9 6000/ £ -9
o TR 92 %
= 50.0% f £ 60.0% 23
w E V] ‘} 4
& ool S 40.0% st i
= 30.0% = :
5 200% ¢ S 200% -
T 100% [

0.0% £ — ' : ' 0.0% ; - - ;

0 200 400 600 800 1000 0 200 400 600 800 1000
Particle Size (nm) Particle Size (nm)

a)

Figure 2.6 Filtration efficiency of various filter media at a) Low RH-%@6) b) High RH (~75%)

conditions. NaCl aerosol challenge 0.32 pprit@mperature ZZ

The graphite media demonstrated approximately three times higher filtration efficiency than
ACF media across the entire-2000 nm particle diameter range, under both low and high RH
conditions. This can be explained by the single fiber filtration efficienogiehwhich is based on the
external surface area of the fil§8t, [4], [10], [11]. The graphite fiber diameter, as indicated in Table
2-3, is approximately onthird that of the ACF fiber. As a result, the external surface area of graphite
fiber is approximately three times that of the ACF fiber. Hence, graphite is anticipated to achieve a
filtration efficiency three times that of ACF, get both fibers having equal volume loadings in the
media, as outlined in Tabl2-4. Incorporating VGCF flocs into ACF media increases external
geometric surface area, leading to increased filtragibciency. Consequently, ACF media (with
VGCEF flocs) exhibited higher filtration efficiency compared to ACF media without flocs, under both
RH conditions. Furthermore, ACF media (with VGCF flocs) demonstrated comparable filtration
efficiency to Graphite mdia across the 9800 nm particle diameter range, under both low and high
RH. This suggests that the ACF media (with VGCF flocs) is equally efficient in filtering out smaller
particles, which are the most difficult to capture. For particles exceedingrBD@raphite media

exhibited higher filtration efficiency under both low and high RH conditions. This is attributed to the
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smaller dimensions of graphite fibers, facilitating the easier capture of larger particles 2l6guand
2.6b also indicate that there is no effect of RH on the filtration efficiency across all investigated filter

media.

2.3.3 Quality Factor

The Quality Factor (QF) of a filter media is a performance metric that measures whether an
increase in pressure drop is warranted by the increase in filtration efficiency. It is defined by Equation
23,whereEisthé i | tration efficiency in fraction and
[3], [11], [76]. A higher QF indicates that the filtration is better per unit of pressure drop. The QF was
evaluated for ACF media, ACF media (with VGCF flocs) and Graphite media under low-5%d) (0

and high RH (75%) conditions, as shown in Figaiie
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Figure2.7 Quality Factor of various filter media at a) Low RHE%) b) high RH (~75%) conditions.

NaCl aerosol challenge 0.32 ppmWtemperature ZZ

While Graphite media exhibited approximately three times higher filtration efficiency than
ACF media, the QF for both media types remained comparable across the et®@)3tn particle

diameter range under both RH conditions. Graphite fibers, beingesmdénsely mat together,
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forming a media with poor fiber packing. While this enhances filtration efficiency, it simultaneously
generates high flow resistance, resulting in elevated pressure drop across the media and consequently
reducing the QF. However, ACF media (with VGCF floeghibited a higher QF than both ACF and
Graphite media under both RH conditions. The VGCF nanofiber flocs, characterized by a high surface
to-volume ratio, contribute to low flow resistance. More importantly, slip flow at the nanofiber surface

in VGCEF flocs facilitates particle capture without expected pressure drop. Therefore, the QF of ACF
media (with VGCF flocs) surpasses that of other investigated filter media due to reduced flow
resistance and slip flow dynamics. Fig@@a and2.7b also show that RH has no impact on the QF

across all studied filter media.

2.3.4 NaCl loading capacity

NaCl loading capacity (commonly known as dust loading capacity) is the amount of NacCl
particles that a filter media can collect before it reaches a specified pressure drop. Filters with higher
loading capacity have a longer lifespan. As more NaCl are rempand accumulated, the filtration
efficiency increases, albeit with a concurrent increase in pressure drop. Eventually, as the filter media
becomes saturated with NaCl (i.e., clogged), the pressure drop reaches unacceptable levels,
necessitating the regdement of the filter to minimize energy consumption. In fibrous filters, the
pressure drop increases slowly initially, then transitions into a phase characterized by a rapid increase
in pressure drop. The point at which this phase change occurs isdeétea®the breakthrough point,

as illustrated in Figur2.8.
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Figure2.8 Typical NaCl loading curve in a fibrous filter media

The slower initial rise in pressure drop is due to depth loading, wheeatihe filter is not yet
clogged by NaCl. The sudden rise in pressure drop at the breakthrough point occurs when a cake forms
on the filter, obstructing the flow stream from passing thrg@pHAt this point, surface filtration (often
referred to as cake filtration) commences. The NaCl loading capacity of ACF media, ACF media (with
VGCF flocs) and Graphite media was determined by filtering NaCl challenge aerosol (9.95 ppmw)

under low RH (656%) and high RH (75%) conditions, as depicted in Figli@e
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Figure2.9 NaCl loading capacity of various filter media under a) Low R13%0) b) high RH (~75%)

conditions. NaCl aerosol challenge 9.95 ppmw, Temperature 22°C

NaCl loading at

NaCl loading at .

. breakthrough point at breakthfough point at
Media Type low RH high RH

(gmNaCligmMedia) (gmNaCligmMedia)

Graphite Media 0.002-\ 2250% (*21X) increase 0.01 5\

ACF Media 0.0.474/

Loading gdecreases

but QF émcreases /
ACF Media 0.026‘ 315% (~4X) increase T 0.108

(with VGCEF flocs)

620%

1200% (~12X) increase N/A* |
(~7X) increase

*Does not reach breakthrough point due to presence of extremely large pores. Filter stops gaining weight after a
period and becomes an aspirator

Table2-5 Average NaCl loading capacity of various filter media at their breakthrough points under

both low and high RH conditions

Under low RH conditions, the NaCl loading capacity of ACF media was 0.047
gmNaCl/gmMedia, which is 2250% (or ~21 times) higher than Graphite media which has a NaCl

loading capacity of 0.002 gmNaCl/gmMedia. This significant difference can be attributee to t
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presence of two porosity domains within ACF media (1. Interfiber porosity between fibers 2. Intrafiber
porosity of ACF) enabling the storage of more NaCl. In comparison, Graphite media possesses only
one porosity domain (interfiber porosity between fibdrs)iting its capacity to store NaCl to a lesser
extent. Despite the higher NaCl loading capacity, ACF media has unusually large pores, causing most
NacCl particulates to bypass the media, resulting in poor filtration efficiency and rending it ineffective
for NaCl aerosol filtration under low RH conditions. On the contrary, the incorporation of VGCF flocs
into ACF media effectively resolved this issue, significantly enhancing both FE and QF. Under low
RH conditions, the NaCl loading capacity of ACF medigi{W GCF flocs) was 0.026 gmNaCl/gm
media, which is 1200% (or ~12 times) higher compared to Graphite media. This enhancement in NaCl
loading (along with improved QF) can be attributed to two key factors: (1) the occurrence-sifwall

along the nanofibesurface of VGCF flocs, facilitating the entrapment of excess particles without a
concurrent increase in pressure drop, and (2) the presence of relatively larger interfiber pores between

all the fibers, enabling greater NaCl accommodation as a result mvetpfiber packing.

Under high RH conditions, Graphite media was able to hold 0.015 gmNaCl/gmMedia at the
breakthrough point. In contrast, the ACF media failed to reach a breakthrough point even after being
subjected to NaCl for ~13 hrs under high RH conditions. Under higledRiitions, the majority of
NaCl aerosols exist in aqueous droplet form, with some in hydrated form. The ACF media, which has
notably large interfiber pores, captures a small portion of hydrated NaCl. However, the larger portion
consisting of aqueous Na@loplets bypasses the media entirely. As a result, the media stopped gaining
weight. Rather than functioning as a filter media, it behaved more like an aspirator. The incorporation
of VGCF flocs resolved this issue by forming contiguous porous structittea the large interfiber
pores of ACF. For ACF media (with VGCF flocs), the NaCl loading capacity at the breakthrough point

was 0.108 gmNaCl/gmMedia, under high RH conditions. This is 620% (or ~7 times) higher compared
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to Graphite media. More importantly, this loading was an additional 315% (or ~4 times) higher than

that achieved by the same media under low RH conditions.

Filter Media Absolute mass difference between the
samples at low RH and high RH
conditions at the breakthrough point

Graphite media 0.012
ACF media Not determinable*
ACF media (with VGCF flocs) 0.048

*ACF media never reaches breakthrough point at high RH condition
Table2-6 Mass difference between same samples under low RH condition and high RH conditions at

the breakthrough point

The mass difference between ACF media (with VGCEF flocs) under high and low RH conditions
is 0.048 gm, compared to 0.012 gm of Graphite media, as listed in Z#&bl&@he higher mass
difference observed in ACF media (with VGCF flocs) can be attributed to a higher NaCl loading
achieved under high RH conditions, facilitated by the synergistic effect of NaCl wicking by both ACF
and VGCF flocs. At 75% RH, referred to the deliquescence RH, NaCl particles undergo a phase
change from hydrated crystals to aqueNa€| droplets. ACFs effectively wick these aqueous NacCl
droplets into their intrafiber pores. NaCl can be continuously wicked into intrafiber pores of ACF (via

RH cycling) until it saturates with NaCl, as depicted in FigLi®.
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Figure2.10 Wicking of NaCl aerosol by intrafiber pores of ACF and the eventual saturation of these

pores achieved via RH cycling

Similarly, the aqueous NacCl is also absorbed by VGCF flocs under high RH conditions. A
VGCF floc under high RH condition demonstrates a spdikge characteristic, capable of

wicking/absorbing NaCl via RH cycling until it saturates with NaCl, as illustraid-igure2.11.
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Figure2.11 Wicking of NaCl aerosol by a VGCF floc and the eventual saturation of the floc achieved

via RH cycling
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To verify the wicking and warehousing of NaCl into ACF pores and VGCF flocs, SEM and
EDS were performed on the three filter media loaded with NaCl aerosols at 75% RH. The chlorine to
carbon ratio was calculated for various fibers within these media, senped in Figur2.12. The CI:C
ratio in a VGCF floc was highest, 0.088, compared to 0.019 in an ACF and 0.001 in a graphite fiber.
This confirms that there is wicking and storing of NaCl by both ACF nanopores and VGCF flocs. The
VGCEF floc has the highe€El:C ratio because it accommodates more NaCl due to its higher pore
volume (4.108 cm3/gm) as indicated in TaBi8. More importantly, under high RH condition, the
larger void volume of the floc accommodates larger amount of aqueous NaCl (throughlggonge
wicking action), consequently yielding a higher CI:C ratio. The CI:C ratio is higher in the ACF
compared to thgraphite fiber because of the wicking of NaCl by intrafiber pores of ACF under high
RH condition which is driven by favorable thermodynanatE®aCl dissolution in water and Kelvin

eqguation.
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Figure2.12 SEM of NaCl loaded a) Graphite media b) ACF media and c) ACF media (with VGCF

flocs) with CI.C ratios of the highlighted area of specific fibers. Loading RH: 75%

Moreover, EDS was employed to map chlorine, providing a visual assessment of NaCl
distribution across different porosity domains in the three filter media, as depicted in Eigurtn
the chlorine mapping of Graphite media (Fig@r&3 a2), it is evident that chlorine, represented in
white, primarily occupies the interfiber pores located between graphite and binder fibers. In contrast,
the chlorine mapping of ACF media (Figu2d.3 b2) indicates chlorine presence in interfiber pores
between ACF and bindébers, within intrafiber pores of ACF (confirmed by the CI:C ratio in Figure
12b), and on the surfaces of both ACF and binder fibers. In ACF media (with VGCF flocs), the chlorine
mapping (Figure2.13 c2) reveals chlorine presence across all three porosity domains, with
predominant concentration within the inftac porosity. This preferential loading of NaCl in VGCF

flocs is confirmed by the abundance of chlorine (depicted in white) in FRyLBe2 and by a high
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CI:C ratio of floc mentioned in Figuiz12c. Therefore, the high NaCl loading capacity of ACF media
(with VGCF flocs), asseeninFige® , ari ses from the synedongainst i c
porosity. This enables the storage of excess NaCl, facilitated by the wicking action of both ACFs and

VGCF flocs, especially under high RH filtration conditions.
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Electron Image 1

cl)

Figure2.13 SEM of NaCl loaded al) Graphite media b1l) ACF media and c1) ACF media (with VGCF
flocs) and the corresponding chlorine maps (a2, b2 and c2). On the chlorine maps (a2, b2 and c2) white

color represents chlorine and black color represents carbon
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2.4 Conclusion

NaCl aerosol filtration was enhanced by utilizing two new NacCl filtration mechanisms that are
uniquely available to a novel filter media containing nanoporous Activated Carbon Fibers (ACFs). The
first mechanism involved dissolution of solid NaCl aeroseisasited onto the ACFs surface (at low
RH) into their hydrophilic intrafiber nanopores which are condensed with water even at low RH. This
occurs due to favorable thermodynamics of NaCl dissolution in water. The second mechanism involved
wicking and capithiry condensation of liquid NaCl aerosols directly into the intrafiber ACF nanopores
at high RH. The phenomenon occurs because NaCl aerosols near the ACF pores (which have a high
radius of curvature) experience reduced equilibrium vapor pressure comp#redgtorounding gas
phase. This vapor pressure gradient drives the migration of NaCl aerosols into the ACF pores. This
novel filter media also captured NaCl aerosols inside flocs of Vapor Grown Carbon Nanofibers
(VGCFs) that are embedded inside the ACFRrixaThese flocs are highly porous with a high surface
areato-volume ratio. The solid NaCl aerosols at low RH got captured onto the surface of nanofibers
by interception, inertial impaction, and/or diffusion mechanisms. The liquid NaCl aerosols athigh R
got absorbed into the large intitac porosity of VGCF flocs in a spondie absorption fashion. The
Quiality Factor of ACF Media with VGCF flocs was higher than ACF Media without VGCF flocs as
well as Graphite Media, under both low and high RH filtnattonditions. This was due to enhanced
filtration efficiency provided by nanofibers of VGCF flocs. More importantly, this was attributed to
wall-slip occurring at nanofiber surfaces, which enabled capture of NaCl aerosols without anticipated
pressure drapDue to these new NaCl filtration mechanisms combined with NaCl entrapment into
intra-floc porosity of VGCF flocs, the NaCl loading capacity of ACF media (with VGCF flocs) was
1200% (or 12X) higher than similar media prepared with-parous Graphite fibe under low RH
conditions. More notably, due to wicking of liquid NaCl aerosols into ACF nanopores as well as

absorption of aqueous NaCl by VGCF flocs at high RH, the NaCl loading capacity of ACF Media (with
79



VGCEF flocs) increased further by 315% (or 3.15X) on going from low to high RH. SEM and EDS
results confirmed the transport and storage of NaCl across all porosity domains via these new filtration

mechanisms.
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3 Chapter 3: Incorporation of VGCF Nanofiber Flocs

3.1 Introduction

Using nanofibers with higher surface area has shown to have a significant enhancement in small
particulate filtration[68], [70], [70]. These nanofibers when used in conjunction with structural
microfibers not only helpncrease filtration efficiency (while simultaneoustyinimizing pressure
drop) but also increase the dirt loading capadiffort has been made tweate anovel porousnon
wovendepthfilter media containing flocs of VGCF nanofibers embedded between structural ACFs
This chapter discusses the enhancenmeriiitration achieved inACF filter media due to VGCF

nanofiberfloc inclusion.

3.1.1 History of Nanofiber Use in Filter Media

Traditionally air filter media were made of micrsized fibers such as glass fibers, spun
bonded fibers or mehlown fibers[88], as illustrated in Figurd.1a. These filters captuparticlesby
depth filtration. However these microfiber filters showed low filtration efficiency, particularly for
nanoparticles (0-D.5um) due to the formation of larger pores between these {®@}s[90]. The
single fiber filtration theory suggests that as the diameter of the fiber decreases, the filtration efficiency
increases, while simultaneously experiencing reduced drag forces due to enhanfted sfifects
[11]. Hence polymeric nanofibers (diameter <500 nm) have become increasingly popular for air
filtration in the past few decades, particularly for hafficiency filtration of fine (<2.5 um) and
ultrafine particles (<0.1 um)91] due to small diamet€92], high surfacdo-volume ratio[93],

interconnected pore structure and highly porous n§®die[95], [96].
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ACF
(microfiber)

; - VGCF nanofiber
Microfiber (Glass fiber) Microfiber . fl
(Glass/Polymer Fiber) 0C

Pressure Drop:

Filtration Efficiency:
Filter life: Long Long

Type of filtration: Depth filtration Surface filtration Depth filtration

Figure3.1 Different types of fibrous filter media a) Commercial microfiber media b) Commercial
nanofiber layered microfiber media b) VGCF nanofiber fleecgedded within ACF microfiber

media and their filtration properties

3.1.2 Wall-Slip Phenomenon

Slip-flow occurs when air molecules encounter nanofibers with diameter that are on the order
of the mean free path of air (65 nm at $TBuring slipflow the drag force per unit filter fiber surface
area is lower than that of natip flow. This results in lower pressure drd®], [66], [72], [96], [97],
[98], [99]. The phenomenon of shfow at the surface of nanofibers plays a crucial role in the
collection of aerosols by filters composed of nanofijédy. The Knudsen number describes the
significance of molecular movement of air molecules at the fiber surface in relation to the overall flow
field. Knudsen number in a filter model is defined by EQuaBdwh er e & i s t he mea

gas molecules and R is the fiber radius.
0 & %888888888&1”]()(1’)60@?. €
When Knudsen number (Kn) is between 0.001 and 0.01, it is known as tflewsligggime
[100]. In slip-flow, the velocity of air at the fiber surface is assumed to bezeos{101]. The air slips

at the fiber surface. Due to the sflpw at the fiber surface, the drag force exerted on the fiber is

smaller compared to neslip flow conditions, leading to a decrease in pressure [dip|p65], [102],
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[103]. More importantly, sligflow enlarges the portion of the air flowing near the fiber surface. This
leads tomore particlegraveling near the fiber, consequently increasing diffusion, interception, and
inertial impaction efficienciesAs demonstrated in Figurd.2, Kn for VGCF nanofibers is 2.6
Therefore, the enhancement in filtration with VGCF can be attributglghtow occurringon VGCF

nanofiber surfaces.

Air molecule separation

Mean free path
~3 nmat STP
(1111117 ]

~65nm at STP .
(11X riirl
1 - . L] -...... :
. ¢ ‘ : Viscous flow when Kn < 0.01
., 50 nm Nanofibé Slip flow when Kn > 0.1
- [ ]

. . .q \ Slip flow is important when filter
Fdgé of 50 micron fiber

media have fiber diameters less
_ 2x 65nm 3

han nm
an - 26 t 500
50nm

Air density
2.688x10%5/m? at STP

Figure3.2 Slip flow phenomenaccurring in the nanofiber surface

3.1.3 Incorporating Nanofibers as a Floc

Nanofibers areommonly deposited as a layer of thin fiber webs on the surfaoeaffibrous
filters to increase filtration efficiencig3], [64], [66], [104], [105], [106], [107], [LO8%s depicted in
Figure3.1b. These nanofibers are commonly produced wimgrospinning technolodg09], [110]
These nanofiber filter media agense and verthin. They clog aftea briefperiod of usage because
the filtrate particles are capturedsiyrface filtration. Once clogged, these filters go into a high pressure
drop state whichleads to greater energy consumption. This necessitates more frequent filter
replacements, thus driving up maintenance ¢88fs Therefore, it is crucial to createanofiber filter
media that possesses not only high filtration efficiency and low predsopebut also an enhanced

filtrate loading capacityi.e. higher lifetime).
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A novel approach to enhance filtrate loading capacity in filter media involves creatinfiber
flocs and embedding them within a microfiber matrix. Unlike commenaiabfiber filter media, where
nanofibers are simply layered atop microfibers, iaapvative approach involves embedding flocs of
VGCFs into the ACF matrix, adlustrated in Figure3.1c. VGCFs arelow-cost nanofibers
manufactured by catalytic decomposition of hydrocarbon gas over nanocatalyst ciyssafsovel
depth filter media has awer density compared ttommercial nanofiber filter media. The VGCF
nanofiber flocs are highly porous witlheh surface aret-volume ratio enabling them to store excess
filtrate, therebyincreasing the filtrate loading capacity. Moreover, the slip flow phenomena occurring
at the nanofiber surfaces facilitate capture of particles without the anticipated prelsspre
Furthermore, the nanofiber flocs do not span the entire air stream, whictoatsibutes to lower
pressure drop. Usinthe wetlay method, these flocs, characterized thgir high freeness, are
seamlesslyembedded into the ACF matrix. Their high freened®ws for calendaring and

compression, transforming the flocs into contiguous contaltimately enhancing manufacturability.
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L4 ™
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VGCF floc
ACF

Mag= 700X EHT=2000kV SignalA=SE1 Time 18:19:52
WD=90mm Date:200ct2023 PhotoNo.=545

b)

Figure3.3 Scanning electron microscopy (SEM) images of a clean a) ACF media b) ACF Media with

VGCEF floc

This study investigates how the performance of ACF filter media is affected pyetbence of
VGCF nanofiber flocs, focusing on key metrics like pressure drop, filtrafbaency, QF, and
loading capacity. Filtration tests were conducted under both lowighdrRH conditions to understand
how RH variations affect filtration mechanismgsyrticularly the transport and storage of filtrate into
the nanofiber flocs. NaCl aerosalgere selected as the challenge aerosol due to their sensitivity to
changes irRH. NaCl ishygroscopic in nature and in low RH conditions they are dry. As the RH is

increased th&laCl particles get hydrated and at a certain threshold RH (also knayetigasescence
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RH), they transition into liquid droplefg8]. This novel filter medidilter employs two simultaneous
filtration mechanisms: 1) capturing and storing Np&iticles into VGCF flocs through sthijow, and

2) wicking NaCl patrticles into intrafibgsores of ACF which are condensed with water at ambient
conditions. This studyexamines how RH impacts these mechanisms which consequently affects
filtration performance metrics. Analytical tools such as SEM and EDS are employed to cos#rve

guantify the results.

3.2 Experimental Details

3.2.1 Preparation of VGCF floc

VGCFs measuring 150 nm in diameter were obtained from Pyrograf Products Inc. Initially,
these VGCFs arrived bundled together in large clumps ranging from a few hundred microns to several
millimeters in diameter, a result of the significant van der Waate fand high surface energy between
the fibers. To disperse them, surfactants were employed. First VGCFs were dispersed in water using
the anionic surfactant Sodium Dodecyl Sulfate (SDS). This partially dispersed VGCFs were
ultrasonicated for 5 hours foomplete dispersion, facilitated by the electrostatic repulsion created by
SDS, as depicted in FiguB3a. Next, the individually dispersed VGCFs were flocculated using the
cationic surfactant Cetrimonium Bromide (CTAB). The formation of the +ilmes was due to the
electrostatic attraction between the negatively charged VGCFs and positively charged CTAB
surfactant, as shown in FiguB3b. Following flocculation, the density of VGCFs decreased from
0.0272 gm/cm3 (as received) to 0.0022 gm/cm3. An optieaiograph of a VGCF floc is illustrated

in Figure3.3c.
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c)

Figure3.4 lllustration of a) the dispersion of VGCFs in water, facilitated by the electrostatic repulsion
generated by the anionic surfactant SDS b) flocculation of VGCFs in the same solution, caused by the
electrostatic attraction between positivelyarged CTAB and the negatively charged VGCFs c) A

micrograph of a VGCF floc

3.2.2 Synthesis of filter media

The novel ACF filter media with VGCF flocs was synthesized via thelayemnethod. ACFs
with a specific surface area of 1706/gm, 20 um diameter, and 35 mm length were obtained from
Toyobo Co Ltd., Japan. These ACFs were dispersed in water using a blender, as depicted in Figure
3.4a. Since ACFs lack hydrogen and oxygen necessary for strong hydrogen bordorgpbnent
polyester/polyethylene fibers were used as thermal binders. These 8 um diameter, 6mm length fibers
obtained from KOSA, were added inte@tACF solution. FERANCA polymeric solution by Rudolf
Group was employed as a dispersing agent to disperse the polyester fibers. The mixture of ACFs and

binder fibers was then combined with the VGCF solution and transferred into a 16cm diameter TAPPI
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handsheet former, as illustrated in Figu8elb. This dispersion of nano and microfibers were then
rapidly filtered over a wire mesh. The rapid drainage of water creates a stack of randomly oriented
microfibers called the preform, as shown in FigBe. Water was drained from the preform using a
hand roller, followed by drying at 140°C in air for-20 mins. The drying process also induced the
melting of polyester/polyethylene fibers, resulting in the formation of a strong bonded media, as
illustratedin Figure3.4d. Finally, samples were punched out from a 208 simet using a circular

steel punch for further testing.

ACF + Binder fibers

a) b) c) d)

Figure3.5 Wet-lay process for synthesizing VGCF flocs embedded ACF filter media a) Top: Solution
containing VGCF floc Bottom: Solution containing ACF and binder fibers b) Combining the two
solutions and transferring it into a TAPPI hestieet former cPreform of the filter media after

draining the water d) Filter media after drying in air at 140°C

3.2.3 Test Cell
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In this study, the evaluation of filtration performance metrics, including Pressure Drop,
Filtration Efficiency, Quality Factor, and NaCl loading capacity, was conducted usisgrigench

scale filtration setuplepicted in Figur@.4 and detailed in Chapter 2, Section 2.2.3.

3.2.4 Physical Characterization

Results were characterizading Scanning Electron Microscopy (SE&)dEnergyDispersive
x-ray Spectroscopy (EDSYhe NaCl deposited om variousfilter mediaunder different filtration
conditionswasobservedusing a Zeiss EVO 50 SEM andantifiedusingINCA EDS. The EDS was
used to determine chlorisie-carbon ratio irdifferentfibers, as well as to spatially map elements like

chlorine and carbagrinelpingunderstand the filtration mechani&mat play

3.3 Results and Discussion

3.3.1 Optimal VGCF Content

As illustrated inFigure 3.7, ACF media demonstratetie highestQuality Factor with an
optimal VGCF content of 1.4% his enhancement in Quality Factor with 1.4% VGCF is attributed to
wall-slip, leading to increased filtration efficiend¥Figure 3.6a), without anticipated increase in
pressure dropAs VGCF contents increasedo more than 1.4%, the pressure drop across the filter
media starts to increase significantly as shown in Figée Thisis due tahe reduction in mean pore

diameter of théACF mediaand higher drag forcat highe®l/GCF content.
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Figure3.6 a) Filtration Efficiency b) Pressure drop curve®\QfF media with different VGCF content
The optimal amount of VGCFs (i.e. 1.4% vol) helps to change the conventionslipdiow
to slip flow, resulting in less flow resistance. In addition, slip flow maeow much closer to the
fiber surface making it easier to entrap particulates, hence increasing filtration efficiency without

anticipated pressure drop, as indicated by enhanced Quality Factor inJgure
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Figure3.7 Quality Factor of AU Nandloc media with different VGCF content

3.3.2 Pressure Drop

Pressure drop corresponds directly to the energy consumption as it is indicative of the work

done by pushing air through the filtg3], [111]. Higher pressure drop across a filter media causes
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more energy to be expended to push air through it. Hence, it is critical to consider pressure drop as a

performance metric to evaluate filter media.

700.0 T
600.0 +
500.0 +

400.0 +

AP (Pa)

300.0 +
200.0 +

100.0 +

Flow rate (SLPM)
Figure3.8 Pressure drop across ACF filter media with and without VGCEF flocs at varying flow rates

(NaCl challenge: 0 ppmw-5% RH) Temperature ZZ

The pressure drop &CF filter mediawith and without VGCF floc was determinex shown
in Figure3.8. The pressure drop increased marginally after adding VGCF flocs iktovitever, this
slight increase in pressure drop is negated by a huge improvement in filtration efficiencyjswhich

presented and discussed in the next section.

3.3.3 Filtration Efficiency

Filtration efficiency FE) refers to the ability of a filter to capture and retain particles (of specific
size or range of size) from the air stream passing through it. It is expressed as a perthatage.
filtration efficiency of a fibrous filter media is given by Equati8r2, where FE is the filtration
efficiency and @ and rown are the number of aerosol particles before and after passing through the

filter media [75].
00 88— oS8 8L 88888 0N 6 RE &
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Figure3.9 Filtration efficiency of ACF filter media with and without VGCF flocs under a) Low RH b)
High RH conditions (NaCl loading: @mNaCl/gmMedia, NaCl aerosol challenge: 0.32 ppmw

Temperature: 2Z0)

As indicated in Figur@.9, the filtration efficiency of ACF media increasagproximatelyby
2X after embedding VGCF flocs into the medraderbothlow and highRH filtration conditiors. The
integration of VGCF flocs into ACF mediacreaseshe external geometric surface area, resulting in
higherfiltration efficiency.The increase in filtration efficiency with surface area is explained by the
single fiber filtration efficiency model. Figurd9 also indicates that there is no effect of RH on

filtration efficiency of studied media.

3.3.4 Quality Factor

Filters are typically characterized by Quality Factor (QR)2]. Quality Factor is a ratio of
fractional capture of media to the pressure drop per unit thickness of the khattiematically QF is
defined as the ratio of logarithm of particle penetration to pressurdXdpgt is used to determine
the performance of a filter media and is defined by Equa&ignwvhere FE is the filtration efficiency
and @P is the pr essur|[gl3]ldArlarge quality faota seprdsdnis extellehtt e r

filtration performance.
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Figure 3.10 Quality Factor of ACF filter media with and without VGCF flocs under a) Low RH b)

High RH conditions (NaCl loading: 0 gmNaCl/gmMedia, NaCl aerosol challenge: 0.32 ,ppmw

Temperature: 2Z0)

The QF of ACF filter media, under both low and high RH conditions, is approximately 2X

higher when VGCEF flocs are embedded in the filter media, as demonstrated in Figuré&his is

attributed toslip-flow occurring over nanofiber surfaces of VGCFs. The slip flow enables capture of

particles without the anticipated pressure drop increadditionally, the VGCF flocs have high

porosity with high surface to volume ratio, whallsocontributes to lower flow resistandggure3.10

also indicates no dependance of RH on Quality Factor.

3.3.5 NacCl Loading Capacity

NaClloading capacity is the quantity NBCltrapped and held kgfilter media before reaching

the maximum allowable back pressure df@go known as the breakthrough paifitheNaClloading

capacity ofACF media was evaluatedith and without embedding VGCF flacas shown in Figure

3.11, under both low and high RH filtration conditions.
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Figure3.11 NaCl loading capacity of ACF filter media with and without VGCF flocs under a) Low

RH b) High RH conditions (NaCl aerosol challenge: 9.95 ppmw, Temperature 22°C)

As shown in Figure8.11a, it takes ACF media longer to reach breakthrough point without
VGCEF flocunder low RH filtration conditionsThis is becausa lot ofthe NaCl particles bypass the
media due tahe presencef large pores between the fibefhe filtration efficiency of this media is
unacceptably lovio be used as a filter. Hence although NaCl loading capacity of ACF media is higher
(0.047 gmNacCl/gmvedia) compared to of ACF media with flocs (0.026 gmNaCMgdia), it has
unacceptable filtration pefmanceOn the contrary, ACF media with VGCF floc has both acceptable
NaCl loading and filtration efficiencgnd thus effective for NaCl aerosol filtratidviore importantly,
at higher RH, ACF media without the floc does not reach a breakthrough point even after 12.6 hours
of NaCl loading.Comparatively, ACFmedia with VGCF flocs reaches a breakthrough paiith(a

high NaCl loading 00.108 gmN&l/gmMedia) with acceptable filtration efficiency.

The high NaCl loading in ACF media with VGCF flocs under high RH filtration condition is
attributedprimarily to wicking of agueous NaCl into the VGCF floesd secondarily to wicking and

capillary condensation of aqueous NaCl into the intrafiber nanopores of ACFs. Due to higher pore
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volume of VGCEF flocs, it behaves like a sponge and absorbs larger quantity of aqueous NaCl, thus
significantly improving NaCl loading capacity of the filter media. RH cycling can be performed to
concentrate more Na@ito both flocs and ACFs until the pores reach saturatismepictedh Figure

3.12.
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Figure3.12 NaCl loading mechanisms in graphite media, VGCF floc and ACF media

3.3.6 SEM and EDS

SEM and EDS were performed ¢onfirm the transport and storage of NaCl into YWeCF
nanoflocs as well asanopores oACFs. SEM and Chlorine mapping provided visual assessment of
NaCl distribution within the filter media, while EDS spectra were utilized to quantify the chlorine
carbon ratio in fibers. Tablgd-1 presents the filter samples and corresponding filtration conditions
under which SEM and EDS analyses were conduétitdamples were loaded for 2 hours with 9.95

ppmw NaCl aerosol.

Low RH (0-5%) High RH (75%)
1. ACF Media(without VGCF flocs) 2. ACF Media(without VGCF flocs)
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| 3. | ACF Media (with VGCF flocs) | 4. | ACF Media (with VGCF flocs) |
Table3-1 Filter media samples and filtration conditions for SEM and EDS analysis

3.3.6.1 ACF media without VGCEF flocs

NaCl at a concentration of 9.95 ppmw was applied to ACF media without VGCF flocs under
both low and higlRH conditions for a period of 2 hours. Figi8d3 displays the SEM images of the

filter media after the-hour NaCl aerosol loading period.

3.3.6.1.1 SEM (low RH vs high RH)

As shown in Figuré&.13a, at low RH, NaCl aerosols exhibit a dendritic deposition pattern on
both ACF fibers and binder fibers. Conversely, at high RH levels, the deposited NaCl aerosols
demonstrate a more crystalline structure, as depicted in RBdiBle. This occurs because at high RH,
NaCl aerosols exist in a liquid state. During SEM analysis, the water is eliminated via vacuum, leading

to the formation of solid crystalline NaCl on the fiber surfaces.

a) b)
Figure3.13 SEM of ACF media (without VGCF flocs) loaded with NaCl under a) low RH condition

Mag= 700X EHT=2000kV Signal A=SE1 Time :19:58:18
WD=110mm Date:21Sep2023 Photo No.=9985

b) high RH conditior{Duration of loading: 2 hours, NaCl aerosol concentration: 9.95 ppmw)
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3.3.6.1.2 EDS (low RH vs high RH)

In Figure3.14a, the SEM reveals the development of dendritic NaCl formations on the surface
of ACF fibers during filtration under low RH conditions. Figl8d4b displays the EDS spectrum,
indicating a chloringo-carbon ratio of 0.005 for the ACF fiber. Figui244c and3.14d present the
corresponding carbon and chlorine mapping of Figutda.Figure 3.14d,further confirms that the

solid dendritic NaCl uniformlglepositedn the surface of the ACF fibersimgleedNacCl.

L

2 4 5 3 10 12 14 16 18
Full Scale 785 cts Cursor: 0.000 ke

g | ClLC=0.005

C Ka1_2 . Cl Ka1
c) d)
Figure3.14 a) SEM of ACF media (without floc) loaded with NaCl under low RH condition b) EDS

spectrum of the selected area in figure a ¢) Carbon map of figure a d) Chlorine map of figure a
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Figure3.15a illustrates the presence of crystalline NaCl deposited on the surface of ACF fibers
during filtration under high RH conditionSigure3.15b shows the EDS spectrum with a corresponding
chlorineto-carbon ratio of 0.009This higher chlorine content in the ACF under high RH conditions,
compared to low RH conditions, suggests that aqueous ta@portanore easilydirectly into the
intrafiber nanopores of ACFThe chlorine mapping in Figurd.15d confirms that the crystalline
structure on the ACF suda is indeed NaCl. Additionally, the presence of crystalline Nd€H
indicates wicking and capillary condensation of aqueous NRCGACF nanoporesat high RH
conditions,which crystallizeon the ACF surface during EDS analysis due to water removal during

vacuuming.

p 2 4
Full Scale 785 cts Cursor: 0.000
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c) d)
Figure3.15a) SEM of ACF media (without floc) loaded with NaCl under high RH condition b) EDS

spectrum of the selected area in figure a ¢) Carbon map of figure a d) Chlorine map of figure a
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3.3.6.2 ACF media with VGCF flocs

NaCl at a concentration of 9.95 ppmw vadso introducedo ACF media with VGCF flocs
under both low and higRH conditions for 2 hoursThe SEM images of the filter media following this

2-hour NaCl aerosol loading period are presented in Figjde

3.3.6.2.1 SEM (low RH vs high RH)

|5 A .
20 ym Mag= 700X EHT=2000KV Signal A=SE1 Time :15:66:16 20 um Mag= 138 KXEHT=2000kV Signal A=SE1 Time :17:24:22
S WD=95mm Date:20 Sep2023 Photo No.=9982 WD=965mm Date:22 Sep2023 PhotoNo.=60 ZEISS

a) b)
Figure3.16 SEM of ACF media (with VGCF flocs) loaded with NaCl under a) low RH condition b)

high RH condition(Duration of loading: 2 hours, NaCl aerosol concentration: 9.95 ppmw)

As shown in Figure.16a, under low RH conditions, the NaCl aerosol deposit in a dendritic
form primarily within the VGCF nanofiber flocsand secondarilyon the surface of ACFsThis
preferential deposition of NaGlithin VGCF floc at low RH is due to shflow occurring over
nanofiber surfaces of VGCF flocs, enabling easier capture of NaCl aetdisdés.high RH conditions,
the NaCl aerosoldeposit incrystalline form across all fibers, but predominantly within the VGCF
flocs, asdepictedin Figure3.16b.Again, this crystllization of NaCl is due teemoval of watefrom
agqueousNaCl deposited at high RH via vacuum during SEIMe preferential deposition of NaCl
crystals within the VGCEF flocs at high RH is duaheabsorption of liquid NaCl dropletsto its large

pore voluman a spongdike manner
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3.3.6.2.2 EDS (low RH vs high RH)
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d) e)
Figure3.17 a) SEM of ACF media (with VGCF floc) loaded with NaCl under low RH condition b)
EDS spectrum of the selected portion of ACF fibdignre a ¢) EDS spectrum of the selected portion

of VGCF floc in figure a d) Carbon map of figure a e) Chlorine majmafé a

Figure3.17aillustrates theSEM of ACF media with VGCF floeloaded with NaCl aerosols
under low RH condition. Figur8.17b shows the EDS spectrum of a VGCF floc with chlet;e
carbon ratio of 0.015More interestingly Figure 3.17c depictsthe EDS spectrum of an ACF with
chlorineto-carbon ratio of 0.01,5vhich is highethan thechlorineto-carbon ratio of 0.005 ACF in
the ACF media withouVGCF flocs. This suggestdhat when VGCF floc is present, the chlorine
content increases in ACF as wélhisincreasecan be attributed tthetransport of NaCl from VGCF
flocs to ACF through highly interconnected pores between ACF and VGCF Hocthermore,
chlorine mapping in Figurd.17e provides additional confirmation that NaCl aerosols are uniformly

loaded into both VGCF flocs and ACFs.
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Figure3.18 a) SEM of ACF media (withVGCF floc) loaded with NaCl under high RH condition b)
EDS spectrum of the selected portion of ACF fiber in figure a ¢c) EDS spectrum of the selected portion

of VGCF floc in figure a d) Carbon map of figure a e) Chlorine mdgafe a

Figure 3.18ashows the SEM ofthe ACF media with VGCF flocs loaded with NaCl aerosols
under high RH conditionErystalline NaCls seen primarilywithin VGCF floc ando a lesser extent
in other fibersFigure3.18b displays the EDS spectrum of an ACF, showing a chldafearbon ratio
of 0.021.This high chlorine content in ACF &ttributedto direct wicking and pore condensation of
agueous NaCl into the nanopores of ACF at high RH condifibe.EDS spectrum of a VGCF floc
with corresponding chlorinta-carbon ratio of 0.025 is depicted in Fig8@8c. This high chlorine
content in VGCF floc is due ttve absorption ofiquid NaCl into the large pore volume of VGCF floc
in a spongédike fashion.Figure3.18e further verifies the preferential loading of NaCl into the VGCF

flocs.
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